The NLRP3 inflammasome, a multiprotein cytosolic complex that activates the IL-1 family of cytokines, plays an important role in atherosclerosis (AS). High-sensitivity c-reactive protein (hs-CRP) is widely recognized as a major cardiovascular risk predictor and recent studies name NLRP3 as a predictor of CRP levels. Mounting evidence has indicated that subendothelial retention of apolipoprotein B100-containing lipoproteins, such as low-density lipoprotein (LDL), is the initial step of atherogenesis, and is usually termed the "response to retention hypothesis." We previously reported that CRP promotes AS by directly increasing LDL transcytosis across endothelial cells (ECs). The present study aims to investigate the effects of CRP on NLRP3 inflammasome activation and the role of the NLRP3 inflammasome in CRP-induced LDL transcytosis. We found that CRP upregulated NF-κB activity, the NF-κB inhibitor and Fcγ receptors (FcγRs) inhibitor (CD32/64Ab) blocked CRP-induced NF-κB activation. CRP also induced expression of pro-IL-1β and NLRP3, while BAY and CD32/64 Ab suppressed CRP-mediated expression of NLRP3 and pro-IL-1β. Moreover, CRP activated the NLRP3 inflammasome in ECs. NADPH oxidase inhibitor, diphenylene iodonium (DPI) and dithiothreitol (DTT), a broad-spectrum P2 receptor inhibitor, oxidized ATP (oATP), and a broad inhibitor of cysteine proteases, E-64d, inhibited CRPinduced NLRP3 inflammasome activation. Furthermore, NLRP3 siRNA and caspase-1 inhibitor blocked CRP-mediated LDL transcytosis across ECs. In conclusion, NLRP3 inflammasome activation was shown to be involved in CRP-mediated LDL transcytosis across ECs. CRP not only increased the expression of pro-IL-1β and NLRP3 via the FcγRs/NF-κB pathway, but also promoted NLRP3 inflammasome activation and IL-1β maturation by upregulation of reactive oxygen species (ROS) levels, purinergic receptor signaling, and activation of cysteine proteases.
INTRODUCTION
Recent studies have suggested low-grade systemic inflammation is closely related with metabolic syndrome. Low-grade chronic inflammation is characterized by a 2-3-fold increase in the systemic concentrations of cytokines including TNF-α, IL-6, and C-reactive protein (CRP). Excessive levels of proinflammatory cytokines may have facilitate the shift of the endothelial cell (EC) phenotype from a quiescent to an activated phenotype.
Although controversies regarding CRP as a causal agent for atherothrombosis remain, no study has denied that CRP serves as a biomarker for cardiovascular events. Many reports have suggested that high level of CRP is associated with the increased risk of atherosclerosis (AS). Results from justification for the use of statins in prevention: an intervention trial evaluating rosuvastatin (JUPITER) and a meta-analysis from primary prevention trials demonstrated that rosuvastatin reduces cardiovascular disease (CVD) events in women with elevated hs-CRP or dyslipidemia (Mora et al., 2010) . Phospholipase A2-dependent dissociation of circulating pentameric CRP (pCRP) to monomeric CRP (mCRP) localized and aggravated inflammation in AS and myocardial infarction (Braig et al., 2017) . 1,6-bis(phosphocholine)-hexane inhibited the proinflammatory activity of mCRP by stabilizing pCRP (Braig et al., 2017) . Mounting evidence has indicated that subendothelial retention of apolipoprotein B100-containing lipoproteins, such as lowdensity lipoprotein (LDL), is the initial step of atherogenesis, and is usually termed the "response to retention hypothesis." (Williams and Tabas, 1995) . Zwaka et al. (2001) investigated that foam cell formation in human atherogenesis may be caused in part by CRP-opsonized native LDL. In a previous study, we found that CRP accelerates AS by directly increasing LDL transcytosis across ECs (Bian et al., 2014) .
IL-1β is a key cytokine that plays an important role in the initiation and development of atherogenesis. Deficiency of IL-1β in apoE −/− mice reduced the severity of AS (Isoda et al., 2004) . Chronic treatment with IL-1β promoted the formation of coronary intimal lesions in cholesterol-fed pigs (Shimokawa et al., 1996) . Pro-IL-1β (p31) is cleaved to form active IL-1β (p17) by caspase-1, a process that is tightly regulated by inflammasomes. The NLRP3 inflammasome is a caspase-1 activating platform, and contains the sensor NLRP3, the adapter apoptosis associated speck-like protein containing a CARD (ASC), and the effector caspase-1. Collaboration between epidemiologic, clinical, and bench investigators has now led to randomized outcome trials targeting the CRP/IL-6/IL-1β axis (Ridker, 2016) . Moving upstream from CRP in the inflammatory cascade provided novel targets for atheroprotection that focus on the central IL-6 signaling pathway and ultimately on inhibition of the NLRP3 inflammasome (Ridker, 2016) .
Converging lines of evidence have shown that multiple AS risk factors can activate the NLRP3 inflammasome. Cholesterol crystals in atherosclerotic lesions, recognized as an important hallmark of AS, can trigger the NLRP3 inflammasome and induce a robust release of IL-1β in monocytes, which is linked to the release of lysosomal protease (Duewell et al., 2010; Rajamäki et al., 2010) . Furthermore, cholesterol crystals induced activation of neutrophils triggers the release of neutrophil extracellular traps (NETs), which can prime macrophages to produce pro-IL-1β (Warnatsch et al., 2015) . NETs are extracellularly released DNA fibers that form "netlike" structures, which bind bacteria and platelets and exert multiple cytotoxic effects. In the process of "NETosis, " neutrophils expele cytosolic and nuclear material, which lead to acute thrombosis and is associated with several pro-atherosclerotic processes (Nahrendorf and Swirski, 2015) . It was also reported that cholesterol crystal induce activation of the NLRP3 inflammasome in a study examining the contribution of alcohol consumption to the early development of AS (AbdulMuneer et al., 2017) . In addition, minimally modified LDL (mmLDL) can activate the NF-κB pathway, lead to lysosome destabilization, and subsequently induce NLRP3 inflammasome activation (Duewell et al., 2010) . McGeough et al. (2017) demonstrated that TNF-α plays an important role in promoting NLRP3 inflammasomopathies in cryopyrin-associated periodic syndromes (CAPS).
Early studies have reported that CRP can increase the production of cytokines including IL-1β and IL-1α (Galvede et al., 1993; Pue et al., 1996) . Meta-analysis of genome-wide association studies has identified NLRP3 as a predictor of CRP levels (Dehghan et al., 2011) . A recent study revealed that rosmarinic acid inhibits nicotine-induced AS by suppressing the ROS-NLRP3 inflammasome-CRP axial (Yao et al., 2018) . These reports suggest a link between increased levels of CRP and the NLRP3 inflammasome, and thus, a link to AS. However, whether or not the NLRP3 inflammasome can promote LDL transport across ECs and accelerate lipid deposition in vessels, is not clear. In the present study, the specific roles of NLRP3 inflammasome activation in CRP-induced LDL transcytosis across ECs were investigated.
MATERIALS AND METHODS

Isolation and Culture of HUVECs
The collection of human umbilical cords was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China), and conducted in accordance with the Declaration of Helsinki. Primary HUVECs were isolated from newborn umbilical cords as described previously (Bian et al., 2014) . HUVECs were cultured in the endothelial cell medium (ECM; ScienCell) with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin (ScienCell) and 30 µg/mL endothelial cell growth supplement (ECGS; ScienCell) at 37 • C with 5% CO 2 . Cells were passaged when 80∼90% confluent and were used between passages 2 and 9.
LDL Labeling
Low-density lipoprotein was labeled using fluorescein isothiocyanate (FITC; Biosharp) as described previously (Bian et al., 2014) . All procedures were performed in the dark. 2 mg LDL (The institute of Clinical Pharmacology of Sun Yat-sen University) and 120 µg FITC were mixed and incubated at 37 • C for 2 h. Unbound FITC was removed by dialysis against PBS for 72 h at 4 • C. After the measurement of protein with the BCA assay kit (Thermo Scientific), FITC-LDL was stored at 4 • C for further use.
NF-κB Activity Assay
HUVECs were pretreated with 1 µmol/L Bay-11-7082 (BAY; Cayman Chemical) for 1 h, or 10 µg/mL CD32Ab (Santa Cruz) or 10 µg/mL CD64Ab (Santa Cruz) for 2 h, followed by 20 µg/mL CRP (Sigma) stimulation for 24 h. The NF-κB activity was measured according to an ELISA-based method described previously (Jin et al., 2005) .
siRNA Transfection
HUVECs were transfected with NLRP3 siRNA (Guangzhou RiboBio, China) using Hiperfect Transfection Reagent (QIAGEN) according to manufacturer's instruction. Nonspecific Scrambled siRNA (Guangzhou RiboBio, China) was transfected as control. Briefly, HUVECs at passage 2/3 were seeded in 6-well plates (Costar) or on polyester membranes (Costar transwell, 6.5 mm diameter, 0.4 µm pore size). When cells reached 30-50% confluency, the cells were incubated with the transfection mix at 37 • C for 24 h. The medium was changed 24 h later. The level of protein expression of NLRP3, pro-caspase-1, caspase-1, pro-IL-1β, IL-1β, and LDL transcytosis were evaluated after 24 h.
Western Blotting Analysis
Cells were lysed with the RIPA lysis buffer (Beyotime Institute of Biotechnology) containing protease inhibitors. The proteins were separated by the SDS-PAGE gel and transferred to a PVDF membrane. The membranes were probed with primary antibodies against NLRP3 (1:500; Proteintech), IL-1β (1:600; Cell Signaling), Caspase-1 (1:800; Cell Signaling), and β-actin (1:4000; Proteintech). The immune-reactive bands were visualized by the ECL (Thermo Scientific) Western blot detection system.
LDL Transcytosis
As described in our previous studies (Bian et al., 2014) , the amount of LDL transcytosis was measured by a nonradioactive method in vitro. In brief, HUVECs were seeded on a polyester membrane (∼4 × 10 4 cells/insert). The integrity of cell monolayer was determined by a method described previously (Cankova et al., 2011) which simply refers to fill the upper chamber to the top and then leave the cells overnight and the fall in the fluid level in the top chamber was measured to reflect the leak. Culture inserts with equal leak were selected to conduct the assay. Two inserts of cell monolayers with equal integrity were divided into the same group: the non-competitive insert and the competitive insert. The noncompetitive insert was incubated with FITC-LDL (50 µg/mL) for 24 h to determine the total amount of transendothelial LDL. Paracellular transport was determined by incubating the cells with FITC-LDL (50 µg/mL) and 6-fold excess of unlabeled LDL in the competitive insert. The FITC fluorescent intensity was measured via a fluorescence spectrophotometer (TECAN, INFINITE F200PRO) with excitation and emission wavelengths of 490 and 520 nm, respectively. Background fluorescence was determined by measuring the serum-free ECM. As a matter of fact, the amount of LDL transcytosis is the difference in FITC fluorescent intensity between the non-competitive insert and the competitive insert. HUVECs were pretreated with 20 µmol/L Z-VAD-FMK for 1 h, Scrambled siRNA, or NLRP3 siRNA for 24 h, followed by incubating with CRP and FITC-LDL (50 µg /mL) for another 24 h.
Statistical Analysis
All data were expressed as the mean ± SEM from at least three separate experiments. Individual group statistical comparisons were analyzed by unpaired Student t-test; and multiple-group comparisons were evaluated by one-way ANOVA with post hoc testing; A value of P < 0.05 was considered statistically significant.
RESULTS
CRP Activates the NLRP3 Inflammasome
In the study, we first studied the effect of CRP on NLRP3 inflammasome activation in ECs. As summarized in Figure 1 , the expression of proteins involved in the NLRP3 inflammasome signaling pathway (NLRP3, pro-caspase-1, and pro-IL-1β) were up-regulated after incubating with CRP for 24 h. CRP also induced the activation of NLRP3, with the ensuing increased caspase-1 and IL-1β. HUVECs were transfected with NLRP3 siRNA to specifically knock down NLRP3 expression, which blunted the effects of CRP-induced NLRP3, pro-caspase-1/caspase-1, and pro-IL-1β/IL-1β expression (Figures 1A-E) . These results suggested that CRP provides the signals for the production of NLRP3 and pro-IL-1β and NLRP3 inflammasome activation.
Inflammasome activation results in the recruitment and activation of caspase-1, the key enzyme involed in the processing of pro-IL-1β into mature IL-1β. To confirm the role of caspase-1 in CRP-induced IL-1β production, caspase-1 was inhibited by pre-treatment Z-VAD-FMK for 1 h before CRP exposure. Z-VAD-FMK diminished the expression of all proteins except for pro-IL-1β as depicted in Figures 1F-J. 
CRP Induces the Expression of NLRP3 and Pro-IL-1β Through FcγRs and NF-κB Activation
It is widely accepted that an initial priming signal is required (referred as signal 1) to induce the expression of pro-IL-1β and NLRP3, which is tightly associated with NF-κB activation (Hoseini et al., 2017) . To elucidate the mechanism of CRPmediated NLRP3 and pro-IL-1β expression, we stimulated cells with a NF-κB inhibitor, BAY-11-7082 (BAY), and CD32/CD64 antibody (CD32Ab/CD64Ab). We evaluated NF-κB activity using an ELISA-based transcriptional factor-DNA binding activity assay (Jin et al., 2005) . As summarized in Figure 2A , CRP was able to upregulate NF-κB activity, while BAY blocked CRP-induced NF-κB activation. Furthermore, BAY suppressed the CRP-mediated increase in NLRP3 (Figures 2C,D) and pro-IL-1β (Figures 2C,E) expression.
C-reactive protein has been shown to interact with plasma membrane-associated FcγRs. As reported in studies, CRP reduced eNOS activity and increased endothelial cellmonocyte adhesion expression through FcγRII (CD32) and FcγRI (CD64) in ECs (Tanigaki et al., 2015) . To explore the specific receptors interacting with CRP involved in our study, CD32 antibody (CD32Ab), and CD64 antibody (CD64Ab) were used. As shown in Figure 2B , either CD32Ab or CD64Ab disturbed CRP-induced NF-κB activation. Moreover, CD32Ab or CD64Ab also blocked CRP-mediated NLRP3 (Figures 2F,G) and pro-IL-1β (Figures 2F,H) expression.
Three Mechanisms Are Involved in CRP-Induced NLRP3 Inflammasome Activation
The second step (named as signal 2) is involved in maturation of IL-1β via activation of the NLRP3 inflammasome. We further explored the underlying mechanisms by which CRP activated the NLRP3 inflammasome. During the processing for NLRP3 inflammasome activation, at least one of following three events is required: the increased production of intracellular reactive oxygen species (ROS) production, purinergic receptor signaling and activation of cysteine proteases.
In a previous study, we found that CRP increases ROS levels in HUVECs (Bian et al., 2014) . To further clarify the role of ROS in CRP-induced NLRP3 inflammasome activation, we pretreated cells with an NADPH oxidase inhibitor, DPI or with the reducing agent, DTT. As summarized in Figures 3A-D , CRP-stimulated HUVECs increased levels of NLRP3, caspase-1, pro-IL-1β and IL-1β protein levels, with DPI or DTT pre-treatment prior to CRP treatment reducing the levels of all of these markers. However, they showed no effect on pro-caspase-1 expression. Previous studies have suggested ATP is involved in NLRP3 inflammasome activation and IL-1β production through multiple purinergic receptor signaling (Riteau et al., 2012) . To study whether CRP-induced NLRP3 inflammasome activation is mediated via purinergic receptors, we treated cells with a broad-spectrum P2 receptor inhibitor, oATP. As shown in Figures 4A-D , CRPinduced caspase-1 activation and maturation of IL-1β was attenuated by oATP. In addition, cysteine proteases, such as cathepsins B and L, could trigger NLRP3 inflammasome activation (Duewell et al., 2010) . In the present study, CRPinduced caspase-1 activation and IL-1β mature was blocked by E-64d, a broad inhibitor of cysteine proteases (Figures 5A-D) .
The NLRP3 Inflammasome Is Implicated in CRP-Mediated LDL Transcytosis Across ECs
In a previous study, we have established an in vitro model of LDL transcytosis and found that CRP promotes LDL transcytosis across ECs (Bian et al., 2014) . In the present study, based on the model, we further explored the effects of the NLRP3 inflammasome on CRP-induced LDL transcytosis. As described in Figure 6 , CRP promoted LDL transcytosis across ECs after exposure for 24 h. NLRP3 siRNA and Z-VAD-FMK decreased CRP-induced LDL transcytosis (Figures 6A,B) .
DISCUSSION
C-reactive protein is an acute phase protein with pleiotropic cytokine-like properties. We previously reported that CRP promotes AS by directly increasing the transcytosis of LDL across ECs (Bian et al., 2014) . In the present study, we found that CRP is also a potent activator of the NLRP3 inflammasome. Moreover, either silencing NLRP3 or inhibiting caspase-1 activity attenuated CRP-induced LDL transcytosis across ECs, suggesting a NLRP3 inflammasome-mediated mechanism in CRP-induced LDL transcytosis.
IL-1β, a major atheroprone factor, is activated via a twostep process. An initial priming step (signal 1) induces the expression of pro-IL-1β and NLR proteins (e.g., NLRP3), which is tightly associated with NF-κB signaling. The second step (signal 2) stimulates the assembly and activation of inflammasomes to regulate IL-1β maturation and secretion. In this study, we demonstrated that CRP could provide signals to induce expression of pro-IL-1β and NLRP3, activate the NLRP3 inflammasome and promote IL-1β maturation. Using the caspase-1 inhibitor Z-VAD-FMK, we showed that IL-1β maturation induced by CRP is dependent on caspase-1, suggesting the involvement of an inflammasome-mediated pathway. Silencing NLRP3, abolished CRP-induced IL-1β expression, further implicating an inflammasome-IL-1β axismediated mechanism and identifying NLRP3 inflammasome as the CRP-responsive element in this process.
Minimally modified LDL is able to activate the NF-κB pathway, lead to lysosome destabilization, and subsequently induce NLRP3 inflammasome activation (Duewell et al., 2010) . Serum amyloid A can act as signal 1 to activate the NF-κB pathway and as signal 2 to induce NLRP3 inflammasome activation via purinergic ligand-gated ion channel 7 receptor (P2X7R) and the cathepsin B-sensitive pathway (Niemi et al., 2011) . TNF-α upregulates NF-κB activity to increase pro-IL-1β expression and ROS levels in SK-N-MC cells. ROS are sensed by NLRP3 and mediate NLRP3 inflammasome activation leading to the release of IL-1β (Álvarez and Muñoz-Fernández, 2013) . Similarly, in the present study, CRP also served as both signal 1 and signal 2 for NLRP3 inflammasome activation. To this extent, we further explored the underlying mechanism for CRP-induced NLRP3 inflammasome activation.
An NF-κB-dependent priming signal contributes to the production of pro-IL-1β and NLRP3, which may be a ratelimiting component of inflammasome complex formation. In our case, we found that CRP upregulates the activity of NF-κB and BAY blocked CRP-induced expression of pro-IL-1β and NLRP3. It was suggested that increased NF-κB activity is involved in the priming signal provided by CRP. Emerging evidence revealed that CRP largely enhances expression of the adhesion molecules (VCAM-1 and ICAM-1), and inhibits production of eNOS and prostacyclin, accelerating the progression of AS via the FcγRs (CD32 and CD64) in cultured human aortic endothelial cells (HAECs) (Devaraj et al., 2005; Devaraj et al., 2006) . In addition, previous analysis also indicated that CRP activates the NF-κB pathway, induces VCAM-1 expression through CD32 on HUVECs or HAECs, and promotes EC-monocyte interactions, and thus facilitates the development of AS (Liang et al., 2006) . In the present study, the antibodies against CD32 or CD64 suppressed CRP-induced NF-κB activation and the expression of pro-IL-1β and NLRP3. Our results indicated that CRP-mediated pro-IL-1β and NLRP3 expression is regulated by the FcγR/NF-κB pathway.
During the processing for inflammasome activation, at least one of following three events is required: ROS production, purinergic receptor signaling, and activation of cysteine proteases. ROS derived from NADPH oxidases or mitochondria are proposed to activate NLRP3. Several studies described that ROS can induce the dissociation of thioredoxin (TRX)-interacting protein (TXNIP) from thioredoxin and allow it to directly bind to NLRP3 (Thompson et al., 2014) . We previously reported that CRP increases intracellular level of ROS, and both the NADPH oxidase inhibitor DPI and the reducing agent DTT reduced CRP-induced increased in ROS and LDL transcytosis across ECs (Bian et al., 2014) . Here, we showed that DPI and DTT blocked CRP-mediated NLRP3 inflammasome activation and IL-1β maturation, indicating that ROS play a critical role in this process. ATP or its metabolites are able to signal through different purinergic receptors. Extracellular ATP increases the open probability of purinergic receptors and leads to K + efflux. K + efflux induces membrane pannexin-1 pore formation and activates NLRP3 inflammasome. Previous studies have suggested that ATP is involved in NLRP3 inflammasome activation and IL-1β production through multiple purinergic receptor signaling (Riteau et al., 2012) . In the present study, we found that all proteins are inhibited by the broad-spectrum P2 receptor inhibitor, oATP. In addition, the accumulation of specific crystals and particulate structures can lead to lysosome rupture and the release of lysosomal proteases, resulting in NLRP3 inflammasome activation. In our study, we investigated that the broad-spectrum inhibitor cysteine proteases (E-64d), also downregulates CRP-induced NLRP3 inflammasome activation.
However, this study has a few limitations. Firstly, the direct evidence of CRP-mediated NLRP3 inflammasome activation has not been examined. It is meaningful to perform Co-IP analysis in the future to verify that CRP treatment indeed stimulates assembly of the NLRP3 inflammasome. Another limitation of this study is that a mouse model to demonstrate the role of the NLRP3 inflammasome in CRP-induced LDL transcytosis needs to be investigated in future studies.
CONCLUSION
As summarized in Figure 7 , the present study elucidates the effect of CRP in mediating NLRP3 inflammasome activation. The underlying mechanisms involve the binding of CRP to CD32 and CD64, activation of NF-κB, upregulation the levels of ROS levels, purinergic receptor signaling, and increased activity of cysteine proteases. Moreover, our study indicates that the NLRP3 inflammasome is implicated in CRP-induced LDL transcytosis across ECs. These findings provide new insights into the pathogenesis of AS, as well as novel strategies for the prevention or treatment of this widespread disease.
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